Abstract We explore the dispersal ecology of the tropical lowland rain forest on the Vava'u island group, Kingdom of Tonga, to understand dispersal adaptations across successional vegetation types and by species origin. We utilise quantitative data on the relative plant abundance (basal area for overstorey and cover for understorey) of forest species from 64 600-m 2 vegetation plots on 13 islands. Frequencies of species by dispersal mechanisms permit comparisons according to community types, between understorey and overstorey taxa, and between endemic, indigenous, and exotic species (both Polynesian and european introductions).
INTRODUCTION
Oceanic islands, on which most plant species arrive through long-distance dispersal, offer excellent opportunities to study dispersal guilds and life history traits, especially when the history of colonisation is known. in order to colonise an island, plants must be adapted not only for initial long-distance dispersal, but also for subsequent local dispersal on or between islands. Prior to human settlement, seeds or fruits may be deposited on land via internal animal dispersal (endozoochory) by birds or bats, external animal dispersal (epizoochory) on their feathers, fur, or feet, by floating on the open ocean (hydrochory), or by being carried on wind currents (anemochory) (carlquist 1967; van der Pijl 1982; whittaker & Jones 1994) . In addition, human settlement, first by Polynesians and later by europeans, has dramatically altered Polynesian island ecosystems, including their dispersal ecology.
This study assesses how the dispersal mechanisms of the lowland rain forest of Vava'u reflect varying adaptations according to successional vegetation 394 New Zealand Journal of Botany, 2007, Vol. 45 type (as defined by Franklin et al. (1999) ) and species origin. This query leads us to a series of hypotheses.
(1) we expect lowland rain forest species to be adapted broadly, with multiple dispersal mechanisms. Building on classic studies that identify a primary mode of dispersal (e.g., carlquist 1967; Gentry 1982), we evaluate the full range of dispersal options and discuss their implications for forest establishment and succession in this island ecosystem.
(2) we expect the successional vegetation types to differ according to dispersal mechanisms. in addition, we expect to see differences in the configuration of dispersal mechanisms between successional vegetation types in the overstorey and in the understorey. (3) we expect to see differences in dispersal mechanisms between indigenous and introduced rain forest species. Further, since Polynesians and Europeans colonised the Pacific islands at different times and for different reasons, we expect that plants introduced by Polynesians and europeans will differ in their dispersal mechanisms. (4) we expect that the successive introduction of new plants and the introduction and/or extirpation of animals has altered the dispersal capability of the rain forest. in particular, (4a) the early successional rain forest is expected to have more abiotic and passive animal dispersal (epizoochory), and (4b) increased seed predation by introduced animals (rodents). (4c) we anticipate further that since the arrival of people, the role of native birds and bats in rain forest dispersal has diminished. if the plants in the rain forest continue to be dispersed by birds and bats, then we expect no difference when comparing dispersal mechanisms in the overstorey and the understorey (seedlings and saplings) of the same successional vegetation type. Carlquist (1967) demonstrated that the floras of island groups in the Pacific vary systematically according to the relative frequencies of their dispersal mechanisms. For example, oceanic archipelagos in the south-western Pacific have floras mainly dispersed by birds and drift (ocean). in contrast, the earliest plants to colonise Rakata in the Krakatau island group, indonesia, dispersed by sea and wind from Java and Sumatra (whittaker et al. 1989; Bush & whittaker 1991) . another contrast is apparent between the substantial number of wind-dispersed species (44%) on the small island of Motmot in a crater lake on Long island (about 55 km north-east of Papua New Guinea) (Harrison et al. 2001 ) versus the very small proportion of wind-dispersed plants and the greater abundance of species that were transported to the remote Hawaiian islands by adhering to the feet of birds (carlquist 1967) . The frequency of dispersal syndromes also is likely to vary systematically between habitats within an archipelago (e.g., lowland rain forest versus littoral and strand communities) and by their means of arrival to the islands (abiotic, faunal, or human transport).
Polynesian settlers used fire to clear the landscape for crops (Flenley & King 1984; Kirch & ellison 1994) and introduced numerous species of plants and animals (Kirch 1996) . Many plants introduced by Polynesians are propagated by roots or cuttings (e.g., Colocasia esculenta (L.) Schott) or have fruits or seeds too large to be transported by water across oceans (e.g., Artocarpus altilis (Parkinson) Fosberg) (whistler 1991; Kirch 1994) , making them dependent upon human cultivation and dispersal. Similarly, the introduction of domestic and exotic animal species by Polynesians has led to the extinction of many indigenous animals (Steadman 1995; Steadman et al. 2002) . The extinction or extirpation of the larger species of birds and bats, particularly among the frugivorous and nectivorous guilds (Steadman 1993 (Steadman , 2006 Koopman & Steadman 1995) , further disrupted the ecology of island ecosystems through the loss of these large seed dispersers (Meehan et al. 2002) .
european settlers brought additional cultigens (e.g., Carica papaya L.), ornamental plants (e.g., Lantana L.), and, inadvertently, many exotic species to the Pacific islands (Whistler 1995) . Other introduced animals found their way to Pacific islands as intentionally introduced domesticates or as stowaways, such as Rattus rattus L. (ship rat) and Rattus norvegicus Berkenhout (Norway rat). european introductions also were responsible for extinctions or extirpations of avifauna, including Gallicolumba stairi Gray (friendly ground-dove), which is now restricted largely to islands in Tonga that lack ship rats (e.g., Rinke 1991; . in addition, island ecosystems, biotically depauperate initially, are especially susceptible to introduced species (e.g., Mueller-Dombois et al. 1981; Vitousek et al. 1987; Kitayama & MuellerDombois 1995; Meyer 2000) . Polynesian introductions generally came from similar source areas (i.e., tropical regions), while later european introductions often originated in geographic and climatic regions that are quite different from those found in Tonga. Pyšek et al. (2004) emphasised that knowledge of source areas is important for understanding how introduced species can colonise new areas. Thus, human settlement of the Pacific has changed forever the ecosystems of these remote islands, including the alteration of dispersal guilds and the potential disruption of mutualisms.
Our work expands on that of carlquist (1967) by comparing dispersal mechanisms within a community to provide a landscape view of dispersal ecology (e.g., Gentry 1982; willson et al. 1990 ). This study differs from carlquist's (1967) by considering all potential dispersal mechanisms for each species in our analyses. we recognise that some plant species may disperse only very rarely by means of a particular vector. Similarly, we recognise the possibility that dispersal may occur through vectors not listed here (e.g., gravity for very large seeds like Maniltoa grandiflora). Geographically broad studies of dispersal must rely on indirect evidence of dispersal, such as inference of dispersal capabilities based on seed and/or fruit morphology (carlquist 1967; willson et al. 1990; Drezner et al. 2001; Drezner & Fall 2002 ). as willson et al. (1990 noted, "...it requires considerable study to quantify actual dispersal vectors for even one species, and exploratory study of the dispersal spectra of whole floras would never have been possible if we had insisted on direct observation of dispersal for each species." among species with multiple means of dispersal, not all mechanisms may be identified in a single study. To understand dispersal ecology, including all potential dispersal mechanisms for entire communities, we compile data from published sources that infer dispersal from: (1) direct observations; (2) diaspore morphology; and/or (3) experimental studies.
in order to characterise the variability in dispersal modes within the lowland rain forest of Vava'u, we assemble data from overstorey and understorey vegetation to infer differences in modern dispersal mechanisms by forest successional types. From these spatial patterns we infer the temporal implications of varying dispersal mechanisms. we then analyse forest species according to origin to help explain the spatial variation seen in rain forest succession types. changes in dispersal mechanisms according to species origin document human alteration of Vava'u's rain forests.
STUDY AREA
The Kingdom of Tonga is a chain of 171 islands in the South Pacific between about 23° and 15°S and between 173° and 177°W (Fig. 1) . Tonga consists of three main limestone island groups, Tongatapu, Ha'apai, and Vava'u that formed as part of the of the forearc belt of the Tongan-Kermadec Trench system between <1 and 10 million years ago (Dickinson et al. 1999; Dickinson 2001 (Thompson 1986) . Tropical cyclones are a major feature of Tonga's climate during the late summer; the Tongan archipelago experiences about one to three cyclones per year (woodroffe 1983). Based on historical data, major vegetation disturbance by a tropical cyclone on any island group occurs on average every 33 years (range 1-47 years) (Franklin et al. 2004 ). cyclones are a major cause of forest disturbance through direct tree mortality, the destruction of flowers and fruits, and the deaths of bird and bat seed dispersers (elmqvist et al. 1994; Mcconkey et al. 2004) .
Vegetation along the shorelines of the islands of Vava'u is typical of most islands in the South Pacific (whistler 1992a). Lowland rain forest stands are more extensive on the largest island, the terraced limestone island of'Uta Vava'u, which supports not only coastal forests similar to those found on low coral islands and smaller volcanic islands, but patches of the once more extensive tropical hardwood forest communities that are missing from islands with less relief. General discussions of the vegetation and geography of Tonga are found in yuncker (1959), Sykes (1977 Sykes ( , 1981 Sykes ( ), whistler (1992a , Stoddart (1992) , and Mueller- Dombois & Fosberg (1998) . Quantitative vegetation analyses have been conducted on Tongatapu (Palmer 1988; wiser et al. 2002) , 'eua , Vava'u (Franklin et al. 1999; Franklin 2003; Franklin & Rey 2007) , Tofua and Kao of the Ha'apai group (Park & whistler 2001) , and for the island group as a whole (Franklin et al. 2006) . it is estimated that about 40 plant species were intentionally brought to Tonga as cultigens by Polynesians, and as many as 200 species of weedy plants were intentionally or accidentally introduced since european contact (Park & whistler 2001) .
archaeological investigations on Tongatapu and Ha'apai show that humans have lived in Tonga for the past 3000 years (Burley 1994; Burley et al. 1999) ; evidence for human impact on the forests of Vava'u reveals a legacy of forest burning and changes in species composition beginning about 2600 14 c years ago (Fall 2005) . Studies of extinct and extant birds and bats have been undertaken in 'eua (Rinke 1987; Steadman 1993 ; Koopman & Steadman 1995), Ha'apai (Steadman 1998 ), Vava'u (Steadman et al. 1999 Mcconkey et al. 2004) ,Niuafo'ou (Rinke 1986 (Rinke ,1991 , 'ataandLate (Rinke 1991) , and summarised in Steadman (2006) . identified 12 indigenous species and one Polynesian introduction (Gallus gallus) of land birds on Vava'u, all of which are widespread, except Gallicolumba stairi. The extant frugivorous birds common in Vava'u include Ptilinopus porphyraceus Temminck (purple-capped fruitdove), Ducula pacifica Gmelin (Pacific pigeon), and Aplonis tabuensis Gmelin (Polynesian starling). Two frugivores have been extirpated from Vava'u in the past 100 years: Ptilinopus perousii Peale (many-coloured fruit-dove) since the 1870s and Vini australis Gmelin (blue-crowned lorikeet, also feeds on nectar) in the 20th century Steadman 2006) . a survey in 1995 showed that Gallicolumba stairi was extremely rare on the largest island, 'Uta Vava'u . Omnivorous species in Vava'u also capable of dispersing seeds include, or have included, Lalage maculosa Peale (Polynesian triller), Clytorhynchus vitiensis Hartlaub (Fiji shrikebill) (now extirpated), and the endemic Pachycephalajacquinoti Bonaparte (Tongan whistler). The nectar sipping Foulehaio carunculata Gmelin (wattled honeyeater) is an important pollinator of the indigenous flora. Based on palaeontological and archaeological data from 'eua and Ha'apai, at least 47 species of land birds lived in Tonga prior to human arrival, where now there are 21 (Steadman 1993 (Steadman ,1995 (Steadman ,1998 (Steadman ,2006 . The indigenous land birds and a Polynesian introduction (Gallus gallus) share their homes with the historically introduced Pycnonotus cafer L. (red-vented bulbul), Sturnus vulgaris L., and Columba livia Gmelin. in addition to the land birds there is one extant fruit bat or flying fox, Pteropus tonganus Quoy and Gaimard (Tongan fruit bat), capable of dispersing seeds and fruits of plants in Tonga; Pteropus samoensis Peale (Samoan fruit bat) has been extirpated from the islands (Koopman & Steadman 1995) .
MATERIALS AND METHODS
To study dispersal syndromes in the lowland rain forest of Vava'u we used quantitative vegetation data collected from a variety of successional stages of the rain forest. Relative plant abundances were analysed by vegetation community, dispersal mechanism, growth form (overstorey versus understorey taxa), and species origin. Dispersal mechanisms were identified from 59 published sources for the 125 plant species recorded in the vegetation plots (see appendix 1).
Vegetation sampling
To determine the relative importance of dispersal mechanisms across broad vegetation types, we used relative plant abundances from vegetation data collected from 64 600-m 2 plots on 13 islands in Vava'u reported by Bolick (1995) , Franklin et al. (1999) , ; no plots were located in plantations or other highly disturbed habitats (see Fig. 1 ). The location and successional type of each vegetation plot were established from aerial photographs (Franklin et al. 1999; . The dbh (diameter at breast height, 1.3 m) of all tree stems with dbh 5 cm was measured in each of the 64 plots. For the 75 overstorey species, dbh was converted to trunk cross-sectional (basal) area in cm 2 . Thus, we present the overstorey vegetation data as basal area (m 2 ha -1
) per plot to compare relative plant abundance or importance by species in each of the vegetation types. For the understorey (i.e., vegetation with dbh < 5 cm) we used relative cover (% of total plant cover) for each of 120 species over an area of 100 m 2 (2 subplots of 5 × 10 m) in the 64 plots (Franklin et al. 1999) . cover values for lianas, although important components of many Polynesian rain forests (Mueller-Dombois & Fosberg 1998), may be underestimated by this method since they contribute a large leaf area relative to their basal area. Franklin et al. (1999) inferred four main species groups and two minor subgroups across a successional continuum of the lowland rain forest (Table 1) . These data provided New Zealand Journal of Botany, 2007, Vol. 45 a basis for classification of succession, disturbance, and vegetation groups, as well as a complete listing of plant species in the plots, particularly introduced species, and their relative importance in the lowland rain forest of Vava'u.
Plant species characteristics
The following variables were included in analyses:
(1) community Type: after Franklin etal. (1999) (see Table 1 ); (2) Growth Form: individual plants were classified as overstorey (individuals 5 cm dbh) or understorey (individual < 5 cm dbh); and (3) Species Origin: endemic, indigenous, or introduced (Polynesian and european introductions) (after whistler 1991, 1992a,b, 1995) . Plant nomenclature follows Smith (1979 Smith ( ,1981 Smith ( ,1985 Smith ( ,1988 Smith ( ,1991 and whistler (1989, 1991, 1992a,b, 1995) .
Dispersal categories
We identified dispersal mechanisms for the 125 species in our study based on peer-reviewed, primary literature on dispersal, beginning with the classic dispersal studies by Ridley (1930) and van der Pijl (1982) (see appendix 1). we surveyed the dispersal literature to identify as many potential dispersal mechanisms as possible for each species. Our intent was to characterise the full range of potential dispersal mechanisms of each plant as completely as possible, rather than to determine the primary dispersal mechanism for each plant. while a single study may imply a particular dispersal method for a species in Tonga, we also compiled dispersal data for species in the same genus on other islands or other locations to capture multiple dispersal modes, which would be incomplete if we limited our investigation to dispersal studies from Tonga alone. while some authors have used seed or fruit morphology in determining dispersal mechanisms, we did not include references that only describe seed or fruit morphology without identifying a means of dispersal; we only used references that identified a dispersal mechanism.
Dispersal mechanisms identified in this study include ant, bat, bird, ballistic, endozoochory (internal dispersal), epizoochory (external dispersal), fish (freshwater), gravity, human-cultivated, human unintentional, land crab, mammal (non-volant mammals, including introduced pigs and goats), rodent, reptile, water, and wind. Frugivorous birds and bats may disperse seeds or fruits that are swallowed and ingested (by endozoochory), as well as taxa with fruits and seeds that are used as food sources and may be carried by mouth (or appendages in the case of bats and or crabs). For example, bats may be able to swallow seeds up to only about 4 mm in diameter, but may eat the pulp of many fruits and/ or carry the fruits or seeds in their mouths or cheek pouches thereby dispersing much larger seeds than they could swallow Mcconkey et al. 2004 ). we assumed that many of the rodent-, crab-, and ant-dispersed seeds may be destroyed before germination. in contrast, animals also may disperse seeds and fruits by epizoochory (inadvertent dispersal by adhering to the external surface of an animal). The human dispersal category was subdivided into human-cultivated and human-unintentional. The human-cultivated category indicates intentional dispersal and cultivation. although whistler (1991) did not discuss dispersal mechanisms per se, his references to cultivation and planting of plant species in Tonga were used to infer human dispersal. The human-unintentional category may include species that arrived inadvertently through ship ballast or transport with livestock or their feed (Ridley 1930; van der Pijl 1982) . Dispersal studies have concentrated on some better known dispersers (i.e., fruit bats), while in depth studies for other species are lacking (i.e., land crabs) and this could affect our findings. Most species in Tonga have multiple dispersal vectors and all mechanisms are incorporated into the database.
Vegetation analysis by dispersal mechanisms
Overstorey data (basal area, m 2 ha -1 ) for each species were summed for all of the plots in each vegetation community type. Basal area by dispersal mechanism then was calculated for each species to provide a relative abundance. For example, Adenanthera pavonina L. is dispersed by birds, endozoochorously, and ballistically. Thus, a total basal area for Adenanthera pavonina of 0.15 m 2 ha -1 for all plots in the early successional rain forest is assigned to each of the three dispersal mechanisms. a sum of all basal areas for all species within each dispersal syndrome then provides the total plant basal area for each dispersal category as it applies to each community type. For the understorey plants we followed procedures similar to those described above by summing the relative cover (% of total plant cover in each plot) for each species in each vegetation type. chi-square tests distinguished significant differences in dispersal mechanisms according to vegetation types and species origin. Cluster analysis of the quantified data on dispersal mechanisms by community type identified similarities and differences between community types for overstorey and understorey data.
RESULTS

Dispersal ecology of the lowland rain forest of Vava'u
Nearly 90% of the species in the lowland rain forest have multiple dispersal mechanisms (see appendix 1). Birds and bats together disperse 80% of the species in the lowland rain forest; dispersal by birds involves 77% and by bats 43% of the species (Table  2 ; appendix 1). water is secondarily important after animal dispersal of forest species in Vava'u. introduced plants (many of the human-cultivated species and those dispersed epizoochorously) and animals (rodents) also have substantial influence on the dispersal ecology of the lowland rain forest. 
Dispersal mechanisms in rain forest successional stages
The rain forest types of Vava'u differ significantly according to dispersal mechanisms. in the overstorey, significant differences by vegetation types show that birds and bats are the primary dispersers, especially in the late successional rain forest (Table 3) . Not surprisingly, dispersal by water, wind, and land crabs is more important in the transitional coastallowland rain forest than in other community types. Rodents represent a potentially deleterious agent on the dispersal of trees in the late successional rain forest (Lb, La, and Tb) when they are seed predators rather than dispersers. Birds are the paramount dispersers of the understorey species in the forests of Vava'u (Table 4 ), in part due to the pronounced abundance of the berryproducing shrub Vavaea amicorum Benth. among other bird-dispersed species. indeed, the plant cover values for bird-dispersal tend to be two to three times those for bats, the next most important dispersers. Rodents have a similar dispersal potential to that of bats, but most of these seeds probably are eaten before they would have a chance to germinate. water and land crabs are important dispersal agents for the transitional coastal-lowland rain forest, as they are in the late successional rain forest. Rodents play a pronounced role in the understorey of all vegetation types.
cluster analysis demonstrates the similarity in dispersal syndromes in the early and mid successional lowland rain forest overstorey (e and M; based on highest values for epizoochory and human-cultivated species) compared with the transitional coastal-lowland rain forest (Ta and Tb; with the highest dispersal ) for dispersal mechanisms by vegetation types, and B, understorey species cover (%) for dispersal mechanisms by vegetation types. cluster distances based on ward scaling.
Table 5
Frequency of native and introduced plant species by dispersal mechanisms; species origins follow Whistler (1991 Whistler ( ,1992a Whistler ( ,b, 1995 by water, land crabs, and wind) (Fig. 2a) . The two late successional lowland rain forest communities (La and Lb) are distinguished from the other communities in having the highest values for bird and bat dispersal, as well as high values for seeds of species dispersed (or eaten) by rodents. in the understorey, the early successional lowland rain forest (e) has the highest amount of epizoochory and dispersal by wind and human cultivation, whereas the transitional coastal forest-lowland rain forest (Ta) has the highest frequency of dispersal by water and the lowest frequency of rodent dispersal/predation (Fig. 2B) .
Dispersal mechanisms by species origin
Dispersal mechanisms differ significantly between indigenous species versus Polynesian and european introductions (Table 5 ). Dispersal by animals may be segregated into the broad contrasting categories of 
Table 6
Number of indigenous, Polynesian, and european plant species (and their relative frequencies) dispersed by birds and by bats in the overstorey (n = 75) and understorey (n = 120) of the lowland rain forest of Vava'u; species origins follow whistler (1991,1992a,b, 1995 endozoochory (presumably dispersed as a food resource) and epizoochory (adhering to the fur, feathers, or feet of the dispersal agent). Most indigenous and the Polynesian introduced species are dispersed endozoochorously by birds and secondarily by bats. Polynesian introductions also include large numbers of water-dispersed and cultivated species. in contrast, european introduced species have many fewer bird-and bat-dispersed species, but greater numbers of species that are dispersed epizoochorously. among overstorey species, the variation between endozoochory and epizoochory among the vegetation types is not significant (Fig. 3A) . in the understorey, however, epizoochory plays a significantly greater role in the earlier successional rain forest plots (Fig. 3B) .
Polynesian introduced trees are well established in the overstorey of the lowland rain forest (e, M, and Lb) (Fig. 4a) . european-introduced species are strikingly infrequent in the rain forest overstorey, particularly in the transitional coastal-lowland rain forest (La, Ta, and Tb). The understorey is characterised by significantly greater numbers of european-introduced species in the early and middle successional rain forest (e and M) (Fig. 4B) . indigenous species in the tropical rain forests of Vava'u demonstrate the dominance of bird and bat dispersal in contrast to plants introduced by Polynesians or europeans (Table 6 ). The relative frequency of bird and bat dispersal is greater for overstorey species than for plants in the understorey.
DISCUSSION AND CONCLUSIONS
The following discussion considers the four main hypotheses outlined in our introduction. (1) in keeping with our first hypothesis, plants in the tropical island ecosystems of Vava'u are dispersal generalists; animal and water dispersal may combine to spread a plant to a distant island (Smith 1990) , after which bird, bat, crab, or rodent dispersal extends species inland (van der Pijl 1982) . indeed, adaptation to both water and animal dispersal characterises over one-third of the indigenous plants in the tropical forests of Vava'u, with bird and bat dispersal being the primary means of transportation for diaspores of native plant species. in continental tropical ecosystems there are many more potential dispersers and pollinators than on relatively species-poor islands where the main vertebrate dispersers are birds and bats (Snow 1981; Gautier-Hion et al. 1985; Howe 1986; Rainey et al. 1995; Richards 1995) .
In particular, birds and bats on remote Pacific islands display broad feeding habits (e.g., Banack 1998; Mcconkey et al. 2004) .
(2) Birds are by far the most important dispersal vectors in the understorey of both the lowland rain forest and the transitional coastal-lowland rain forest in Vava'u. Bats, while valuable in the dispersal of canopy trees, are less important than birds in the dispersal and recruitment of species in the understorey. Fruit bats on Pacific islands have reduced mobility in the understorey (Francis 1990 ), compared with New world continental species (Fleming et al. 1987) , due to the adaptation of island bats for longdistance flights (Marshall 1985) . Old World fruit bats are adapted to fly great distances within islands to widely distributed resources (Banack 1998) . They are also better suited for long-distance flight than their continental New world counterparts, an adaptation to frequent disturbance by cyclones . These contrasts support our second hypothesis. in comparing vegetation communities between different island groups in Tonga, Franklin et al. (2006) found that differences between islands in early successional forest composition primarily reflect variable land use practices, while environmental factors (i.e., elevation) play a greater role in differences between late successional forests. Thus, land-use practices and conservation of rain forests on various islands in Tonga affect not only forest composition, but the ability of forest plants to disperse their seeds and regenerate and the extent to which alien species are able to colonise early successional vegetation.
(3) There are about 450 indigenous plant species in Tonga, with an almost equal number of introduced species (Park & whistler 2001) . The general pattern of dominance by bird, bat, and water dispersal characterises the plant species introduced by Polynesians, as well as the indigenous rain forest trees in Vava'u. Polynesian introductions tend to be either arboreal or herbaceous cultigens that are dispersed by humans, water, or native fauna. in contrast, european introductions in Tonga are more commonly dispersed by wind or epizoochorously by humans and their domestic animals.
(4a) abiotic dispersal mechanisms are most common in the transitional coastal-lowland rain forest (water and wind) and in earlier successional stages (wind) of the lowland rain forest. The influence of wind in dispersing plants in the early successional forests of Vava'u is consistent with dispersal studies in the Neotropics (Gentry 1982) . This reflects the influence of reduced subcanopy wind that inhibits dispersal in later successional forests (Howe & Smallwood 1982) . in particular, european plant introductions that rely on abiotic dispersal are most common in the more disturbed early successional rain forest stands, particularly in the understorey. indeed, species richness in Vava'u in the early and middle successional rain forest (140 species ha -1 ) is nearly double that of the late successional rain forest stands (79 species ha -1 ). Much of this increased species richness is due to plants that can disperse either epizoochorously or by wind.
Dispersal, the sole means of transport and colonisation for plants (cook 1987; van Rheede van Oudtshoorn & van Rooyen 1999) , also reflects climatic influences, as well as species' life history traits (ellner & Shmida 1981; Brown 1992; Drezner et al. 2001) . in some environments, certain dispersal guilds may be more successful than others during particularly wet or dry, hot or cold years (e.g., Drezner & Fall 2002) . For example, el Niño conditions in 1997/98 resulted in drought throughout the tropical Pacific, allowing more open landscapes, such as the marshes and swamps on Vava'u, to burn readily. The 1998 el Niño drought was similarly responsible for forest fires along the north-west coast of Savai'i, Samoa (whistler 2002). Dry climatic conditions may have opened some environments to dispersal by wind and epizoochory, which are more common mechanisms among introduced species, and which may have promoted the expansion of early successional species in these settings. adaptations for wind dispersal are highest among the european species in Tonga, suggesting that wind dispersal helps facilitate colonisation in more open, disturbed areas. Similarly, tropical cyclones may create cleared landscapes receptive to introduced species (yamashita et al. 2000; walker et al. 2003; Shimizu 2005) . Following a cyclone in Vava'u, tree mortality was higher in early successional than in late successional communities (Franklin et al. 2004) . in the wetter forests of nearby Samoa, forest recovery after a severe cyclone has been linked to regeneration through biotic seed dispersal more than through vegetative mechanisms (i.e., resprouting) (Hjerpe et al. 2001) . Humid environments such as those in Samoa particularly encourage zoochorous dispersal, possibly because dispersal by other mechanisms is reduced, as in the closure of asteraceae pappi under conditions of high humidity (Sheldon & Burrows 1973 ).
(4b) although it is hypothesised that seed predation is lower on islands than on continents (Janzen 1971; carlquist 1974) , the seeds of island species experience highly variable predation (Louda & Zedler 1985) . Fruit type influences the potential for pre-dispersal predation (Gautier-Hion et al. 1985) . For example, large conspicuous seeds are most often destroyed by predation (Louda & Zedler 1985 ; but see also Moles et al. 2003) . in some settings, pre-dispersal predation occurs on large dry-fibrous drupes, but not on bird-and monkey-adapted brightly coloured berries and drupes (Gautier-Hion et al. 1985) . However, Kitamura et al. (2002) demonstrated that pre-dispersal predation can occur on fruit usually taken by birds and primates. Rodents are key seed predators in tropical rain forests throughout the world (Osunkoya 1994) . Like most Pacific islands, Tongan rain forests evolved without rodents until Polynesians introduced Rattus exulans about 3000 years ago (Dye & Steadman 1990) . Two other species of Rattus (R. rattus and R. norvegicus) arrived in the past 200 years of European influence. The potential for dispersal and predation of seeds by rodents in the rain forests of Vava'u is relatively high, particularly for overstorey species of late successional forest and in all vegetation types in the understorey.
On examination of 13720 seeds at 53 rat husking stations on the Tongan islands, Mcconkey et al. (2003) found that only 1.2% of the seeds were viable or had sprouted as seedlings. The regeneration of some rain forests species in particular may be severely curtailed by rodent seed predation. The most common seeds found in the rodent husking stations in Tonga were Pleiogynium timoriense (Dc.) Leenh., Neisosperma oppositifolium (Lam.) Fosberg & Sachet, Pandanus tectorius Parkinson, Myristica hypargyraea a. Gray, Aleurites moluccana (L.) willd., Pouteria grayana (H.St.John) Fosberg, Elaeocarpus tonganus Burkill, and Chionanthus vitiensis (Seem.) a.c.Sm. (Mcconkey et al. 2003) . except for Aleurites, these species are indigenous trees found in relatively undisturbed coastal or lowland rain forest. in contrast to our expectation that rodent predation would be greatest in the early successional rain forest, we found that rodents have had and will continue to have the greatest potential deleterious effect on the later successional stages of the lowland rain forest in Vava'u. Native dispersers also may have been reduced by introduced animals. in particular, populations of Ducula pacifica and Gallicolumba stairi, two of the key bird dispersers in Tonga, have low abilities to withstand non-native predators, including rodents (Steadman 1998) .
(4c) Our study notes the substantially greater importance of bird and bat dispersal for indigenous species than for plants introduced by Polynesians or europeans. among these indigenous species the relative frequencies of bird and bat dispersal are greater in the overstorey than in the understorey, suggesting less availability of bird and bat dispersers for recently established plants than for their progenitors. This result contrasts with our prediction that bird and bat dispersal will be similar when comparing the overstorey and understorey of the same successional vegetation type. Franklin & Rey (2007) reported that about 10% of juvenile trees, representing 32-50% of overstorey species richness, are actively dispersed by birds and bats. active bird and bat dispersal of late successional species in secondary forests appears to be especially important to maintaining local species richness. Both of these studies demonstrate the importance of bird and bat dispersal, and imply their potentially diminished role in the regeneration of the rain forests of Vava'u.
Birds and bats, the most important indigenous pollinators and dispersers in island ecosystems, show less niche separation in both diet and foraging time than do birds and bats in continental settings (Palmeirim et al. 1989; Gorchov et al. 1995) . in the rain forests of australasia there are very few specialised tropical frugivorous birds compared with tropical asia and africa (Snow 1981) . Fruiting trees in Samoa are exploited by fruit bats (Pteropus tonganus and P. samoensis) and by several species of pigeons and doves . On some remote Pacific islands Pteripodidae (fruit bats) have become diurnal or partially diurnal feeders due to the reduced predation risk on islands (cox et al. 1991) . Similarly, on american Samoa both Pteropus and Foulehaio carunculata (wattled honeyeater) feed on the same resource (e.g., nectar of the tree Erythrina variegata L.) during the early morning hours (J. Sherman & P. L. Fall unpubl. data). with the extinction or extirpation of frugivorous birds and bats on some islands in the Pacific, many native plants may lose their potential to disperse. Rainey et al. (1995) recorded no seed dispersal by volant vertebrates in Guam, which had lost most of its frugivorous birds and bats from overhunting and the accidental introduction of Boiga irregularis Merrem (brown tree snake), a native of indonesia (wiles 1987) . Similarly, the island of Mangaia in the cook islands has no remaining frugivorous or nectarivorous birds (Steadman & Kirch 1990) .
in addition to forest destruction, tropical cyclones affect island forests more fundamentally through the loss of volant seed dispersers (elmqvist et al. 1994) . in 2001, cyclone waka reduced the population of Pteropus tonganus on Tonga by about 80% in the six months following the storm (Mcconkey et al. 2004) . Similarly, Samoan bat populations were reduced greatly by cyclones Val and Ofa in 1990 , respectively (craig et al. 1994 elmqvist et al. 1994; Pierson et al. 1996; Brooke 2001) . High fruit bat populations cause greater competition among individuals for food resources, and aggressive interactions lead to greater seed dispersal as individual bat "raiders" fly off with food (Richards 1990; Mcconkey & Drake 2006) . Banack (1998) found that fruit bats can fly great distances and will carry relatively large fruits up to 4 km. when populations of fruit bats are low, competition is reduced and bats no longer need to raid other bats' territories, effectively stopping dispersal since only "raiders" disperse seeds over appreciable distances (Richards 1990) .
The loss of at least half of the species of land birds and bats in the Kingdom of Tonga in the past 3000 years (Steadman 1993 (Steadman ,1995 (Steadman ,2006 Koopman & Steadman 1995) Turner (1994) have stressed the pronounced role of birds in the spread of largeseeded zoochorous species (e.g., Dysoxylum gaudichaudianum (a.Juss.) Miq.) into the interiors of the islands of Krakatau. Similarly, the loss of dispersal capabilities of trees with large seeds has been noted in the New world tropics. For example, the wild avocado is hypothesised to have lost its natural dispersal ability with the extinction of the giant Toxodon and other large herbivores (Barlow 2000) , as have several other species with large seeds (Janzen & Martin 1982) . These Neotropical species must rely now on human or domestic animals for dispersal. Rain forest trees with large seeds in Vava'u not only may have lost potential dispersers, but additionally may be susceptible to predation by rodents. The introduction of domestic animals, especially goats and pigs, in addition to rodents to the islands undoubtedly has altered the dispersal ecology of Vava'u. The conservation of the Duculapacifica and Pteropus tonganus populations and their habitats will be essential for continued regeneration of the tropical forests in Vava'u. Appendix 1 Plant species in the lowland tropical hardwood forests of the Vava'u island group, Kingdom of Tonga analysed by Franklin et al. (1999) (see Table 1 for description of vegetation types), plus data on: (1) dispersal mechanisms, including: ant (An), ballistic (Bl), bird (Br), bat (Bt), land crab (Cr), endozoochory (En) + , epizoochory (Ep), fish (Fi), gravity (Gr), human-cultivated (He), human-unintentional (Hu), non-volant mammal (Ma), reptile (Re), rodent (Ro), water (Wa), wind (Wi). The superscript denotes lowest taxonomic rank of identification for each dispersal mechanism (S = species, G = genus; F = family). (2) Origin: indigenous (I), endemic (E), Polynesian introductions (P), and European introductions (A) (after Whistler 1991). (3) Growth forms: graminoid (G), herb (H), shrub (S), vine (V), tree (T), and fern (F). Dispersal references for each species (denoted by numbers) are listed at the end of the appendix. 2,5,7,8,11,13,14,15,16, 19,23,48,49,50 1,11,12,22 1,2,47 1,2,16 1,2,5,8,10,13,14,15,16,17, 18,23,48 1,6,7,8,15,16,22,47 1,2,6,13,15,41 1,5,11,12,25,29,32,48 1,2 
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